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Photoelectron diffraction in magnetic dichroism: Surface live magnetic layers in fcc Fe/C®01)

Xingyu Gao, M. Salvietti, W. Kuch, C. M. Schneider, and J. Kirschner
Max-Planck-Institut fu Mikrostrukturphysik, Weinberg 2, D-06120 Halle, Germany
(Received 10 September 1998

We combine photoelectron diffraction and magnetic dichroism in photoemission to obtain magnetic and
structural information regarding ultrathin films on an element-resolved basis. Crystallinity-induced effects in
the magnetic dichroism ofR2core level photoelectrons present valuable structural information regarding
magnetically inhomogeneous films. The location of ferromagnetic layers in structurally relaxed fcc Fe films
(eight monolayensgrown at room temperature on Co/001) is found to be at the surface, with nonferro-
magnetic layers underneath. Tetragonally distorted fcc Fe fibome and three monolayegrare found to be
entirely ferromagnetid.S0163-182608)05348-X]

Magnetic and structural properties of magnetic thin filmsthe fcc Fe overlayer. It is particularly interesting to see
are intimately connected, and a considerable amount of ewhether a magnetic material, Fe, may possibly be nonferro-
perimental and theoretical work has been dedicated to studynagnetic in contact with another magnetic material. If this
ing this interrelatior. Especially in ultrathin films these should be the case it has to be checked whether there is also
properties may vary over the thickness of the film. In par-a ferromagnetic layer at the surface. Previous studies using
ticular, it is known that both the structure and magnetism ofthe magneto-optical Kerr effe¢€MOKE) and magnetic cir-
film interfaces and surfaces may very well deviate fromcular dichroism in x-ray absorptio(XMCD) have indeed
those of the interior of the filf.This becomes even more shown that in a thickness interval between 5 and 11 ML Fe
important when a film is in contact with another ferromag-films on top of Co/C(001) exhibit a strongly reduced inte-
netic film. For the study of such systems a method is thugral magnetic signal compared to that of thinner or thicker
needed that permits us to obtain information about the disfilms.®~** From oxygen adsorption experimef#&’ and

tribution of magnetic properties within a single film of the XMCD (Ref. 19 it has been concluded that the observed
same element. remaining Fe ferromagnetic response should be due to

One possibility for achieving this is to make use, on thedeeper layers around the Fe/Co interface. We will show un-
one hand, of the structural information intrinsic to the angu-2mbiguously in this paper that the observed decrease of fer-
lar distribution of photoelectrons, which is governed by scatfomagnetic response in Fe/Col0Q)) is neither due to a
tering events of the photoemitted electrons at the surround?onferromagnetic film on top of an induced-ferromagnetic
ing atom cores. This effect can be employed for structurainterface nor to a uniform reduction of Fe magnetic moment.
investigationgphotoelectron diffraction® The change of the We can instead show that these films consist indeed of a
spectral intensity distribution of the photoelectrons uponferromagnetic layer on top of nonferromagnetic Fe underlay-
magnetization reversal, on the other hand, yields informatio's, ferromagnetically aligned to the Co substrate.
about the magnetic properties; in the case when core levels The idea of our experiment is sketched in the inset of Fig.
are probed, even with elemental resolution. This is termed(a). The angle between the incident photomg,(and the
magnetic dichroism in photoemission, and is a widely use@®utgoing photoelectron] is fixed at 45°. The magnetiza-
technique for magnetic characterizatibn? It seems obvious tion M is switched between up and down, being perpendicu-
that the combination of both photoelectron diffraction andlar to the scattering plane defined fyandk. The angleax
magnetic dichroism, which implies recording the angularbetween the surface normaland the electron detection di-
and spectral distribution of photoelectrofs!*should allow  rection () is then varied by rotating the sample about the
us to study structural and magnetic properties of thin filmgmagnetization axis. Thereby the rotation of the sample does
and surfaces at the same time, i.e., give structural informanot change the angles between the three vectdks andM,
tion on a magnetic basis, or magnetic information on a strucwhich govern the magnetic dichroism signal in the atomic
tural basis. limit.?2 For a structurally disordered sample, or for free at-

We have chosen ultrathi-Fe films on Co/C(100) to ~ oms, a variation okx would thus have no influence on the
demonstrate the applicability of this approach. Fcc-Fe, whichneasured dichroism. Any change of the dichroism as a func-
can be stabilized in ultrathin films by the choice of appropri-tion of &« must be related to the crystallinity of the sample,
ate substrates, is a system in which striking differences berepresented by the surface normal and can be considered
tween magnetic properties of film surface and interior havea consequence of photoelectron diffracttériRecent experi-
been observed. Fe films of a certain thickness, deposited atents have demonstrated the magnitude of this effect, which
room temperature directly on Q@01), exhibit a nonferro- in the presented geometry can even lead to a sign reversal
magnetic behavior of the inner film layers, but ferromag-of the observed dichroism signal by photoelectron
netism at the film surfacE*8Bringing this film into contact diffraction® In the energy range covered by our experiment
with a ferromagnetic underlayer, in our case Co, raises thé~450-550 eV electron kinetic energyhotoelectron dif-
question of the magnetic phases that will then be present ifraction due to forward scattering dominates byt caus-
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the longitudinal geometry exhibited a rectangular shape, and
showed a reduction of the Kerr signal of about 15% when
going from 3 ML to 8 ML Fe on 5 ML Co/C(D01), which is
consistent with results of other grouff&! Photoemission
spectra of 1 and 3 ML Fe/5 ML Co were recorded at room
temperature, and spectra of 8 ML Fe/5 ML Co both at room
temperature and 200 K. We found no significant deviation of
the spectra for both temperatures; here we present the latter
because of better statistics. We report the dichroism in terms
of the intensity asymmetry, defined als, 1_)/(1 . +1_),
wherel . andl _ are the photoemission intensities for oppo-
site sample magnetization.

Figure Xa) displays photoemission spectra of the Fe 2
level for 3 ML Fe on Co/C(001) at «=0° obtained by
summingl . and|_ (topmost curve Depicted are the raw
data with just a constant background subtracted. The corre-
sponding dichroic asymmetry is shown below. Its shape is in
good agreement with asymmetries presented in the
. literature®>1%11A prominent plus/minus feature at thg@z,
level is observedlabeledA andB), while at the 4, level
. a weaker minus/plus feature appears. The absolute value of
the asymmetry of the latter in the present measurement is
. somewhat lower compared to, for example, Fig. 1 of Ref. 10,
1.0 ’_/ . . which was measured on bcc Fe with K|; radiation. This

. may be related to experimental uncertainties in the determi-
~ nation of the asymmetry baseline, which is very sensitive to,
0.0 A 12 e.g., small variations of x-ray intensity. For a quantitative
" N analysis of the asymmetry we therefore used the peak-to-
Wd’ ¥ Tt e | 0 peak asymmetry at thep2,, level (difference of asymmetry

ki ‘W&WWVWNM‘ * i at position indicated byA andB in Fig. 1), which is largely
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independent of baseline uncertainties.

. R . . . -3 Results of the 8 ML Fe/Co film are qualitatively very

730 725 720 715 710 705 similar to those of the 3 ML film, but show a higher intensity
and a smaller dichroism. This is seen from Fi¢b)1where

binding energy (eV) Fe 2 photoemission intensity and asymmetry of 8 ML Fe/5

ML Co/Cu(001) are shown on the same scales as for 3 ML

at the same emission angte=0°. The measured increase

Experimental setup, showing the directions of the magnetizafipn of th? a2 |rg)t%n5|_ty br?t\/\{een 3 and 8 ML odee by a fac-
light incidenceg, electron emissiok, and surface normai. (b) Fe O 0f 1.55£0.05 in the intensity corresponds to a mean

2p photoemission spectra and dichroic asymmetry of 8 ML Fe/sff€@ path of the 500 eV photoelectrons in Fe of 3.5
ML Co/Cu(100) for an emission angle:=0°. +0.4 ML (=6-7 A), in good agreement with previously

published value&® In contrast, the asymmetry should stay
ing diffraction effects in thicker films, whereas in monolayer the same if nothing but the thickness was changed. The de-
films this diffraction effect becomes negligible, and a morecrease of the asymmetry proves that the decrease of the
atomiclike behavior is observed. This has been checked to HAOKE signal (which integrates over the whole layer stack
true in a thickness-dependent study of Co films, which willis due to a loss of net magnetization in the Fe film at higher
be published elsewhef&. thickness. The comparison of the sign of Re Rith the

The experiment was carried out using a Mg-x-ray tube  Co 2 dichroic asymmetrynot shown hereshows that the
(hw=1253.6 eV), and a hemispherical electron energynet Fe magnetization is aligned parallel to the magnetization
analyzer with an angular resolution better than 3°. The overof the Co underlayers. This rules out the possibility that an
all energetic resolution of the experiment was about 1 eVantiferromagnetic coupling of the Fe film as a whole to the
and the angular reproducibility of the sample manipulationCo layer causes the reduction of the Kerr signal, and con-
0.2°. Co and Fe films were grown on a(©Q1) substrate at firms that a significant portion of the Fe film is not ferromag-
room temperature by electron bombardment of cobalt andgetic.
iron wires of high purity. Photoemission spectra were taken To obtain structural information from photoelectron dif-
as two interleaved sequences of individual scans with oppdraction the electron emission angte with respect to the
site magnetization directions along t#0] direction of the  surface normal is now varied, and the behavior of both the
substrate. The magnetization was reversed before each scphotoemission intensity and asymmetry as a function &f
by a magnetic field generated by a current pulse through measured. Thintensityas a function ofx is the usual pho-
coil inside the chamber. The films were checked to be in fulltoelectron diffraction effect,and contains element-selective
magnetic saturation by MOKE. Hysteresis loops measured istructural information about the Fe film. Since in our geom-

FIG. 1. (a) Fe 2 photoemission spectra and dichroic asymmetry
of 3 ML Fe/5 ML Co/Cy100) for an emission angle=0 °. Inset:
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. . . They must consequently originate from atoms in the topmost
3f (a) 8 ML Fe/Co/Cu(100) ; two layers at the surface, because in ar{@od) crystal these
3 / are the only ones that do not have scatterers in[ 0Gd]

F emission direction. This leads to the conclusion that within
the probing depth of our experiment the ferromagnetism of
3 3 the 8 ML Fe film is restricted to the two topmost atomic
1F 3 ML Fe/Co/Cu(100) 3 layers. The absence of any diffraction effects in the magnetic
dichroic asymmetry of the 8 ML Fe/5 ML Co/Qu0l)
sample shows thus unambiguously that there is a magnetic
live layer at the surfaceof the Fe film on nonferromagnetic
underlayers.

The weak modulation still visible in the curve of 8 ML Fe
in Fig. 2b) may be a hint towards the presence of some
amount of ferromagnetic Fe in deeper layers, e.g., at the
Fel/Co interface. It may, however, also be attributed to the
minor contribution of nonforward scattering to the photo-
emission signal, the size of which at the present electron
energies is expected to be about one order of magnitude
weaker than that of forward scatteriftd®
emission angle o (deg) As a final consideration, one could think that the focusing
effect of forward scattering, which leads to the intensity en-
hancement at normal emissifxf. Fig. 2a)] similarly should
lead to a reduction of the asymmetry aroume: 0°. In the
simple picture, where one assumes the enhancement of for-
ward emission to be solely due to photoelectrons from
deeper, and, in our interpretation, nonferromagnetic layers,
such a reduction should be the inverse of the intensity curve
of Fig. 2@, and amount to about 35%. The experimental
etry (cf. inset of Fig. 1 a variation ofa does not change the points of the 8 ML Fe film in Fig. &) do not seem to follow
relative orientation of light incidence, magnetization, andsuch a reduction at normal emission; the experimental uncer-
electron emission, the resulting angular variation of the magtainty, indicated by the error bars, however, may easily mask
netic asymmetryis due to crystallinity induced effects only, such an effect.
and thus apart from the magnetic information contains also For a more quantitative analysis of the present data we
structural information about the magnetic layers only. Forcompare the dichroism of the 8 ML Fe/Co film, which shows
evenly magnetized films, the angular variation in the case ofio diffraction effect and represents thus the atomiclike con-
8 ML Fe is expected to show qualitatively the same behaviotribution, with the atomiclike contribution of the 3 ML Fe
as for 3 ML, with possibly stronger effects due to the higherfilm, which is entirely magnetized. For that we assume that
number of layers. in the 3 ML film the diffraction effect imposes a modulation

In Fig. 2 this dependence of the F@-, intensity(a) and  on the dichroism as a function of the emission angle around
peak-to-peak asymmetrb) on the emission angler is  the atomiclike contributiod®* Taking hence the average
shown. Filled and open circles refer to 3 and 8 ML Fe onbetween the extrema of the 3 ML curve of FighRas the
Co/Cu001), respectively. Both films exhibit an intensity atomiclike contribution yields about 3.2%. This also agrees
maximum at normal emission=0°), indicative of[001]  with the dichroism ba 1 ML Fe film where we have mea-
forward scattering in epitaxially ordered films. From inspec-sured, in a similar experiment, a value of 3.4%, and with the
tion of the angular behavior of the corresponding asymmedichroism calculated in Ref. 24. The dichroism in photo-
tries [Fig. 2(b)], the following important observation be- emission from a magnetic layer of thickness,q is reduced
comes obvious: Whereas the 3 ML film displays a strongdy a factor of[1—exp(—tmag/N)[1—exp(—t/N)] if this
angular variation of the dichroism, it is essentially constanfayer sits on top of a nonferromagnetic film of thicknésg
in the case of 8 ML Fe, even if a very weak modulation mayof the same materialt{,;=tmaqtthm). Comparing the di-
still be present. As discussed before, a strong angular varighroism in 8 ML Fe &1.6%) and the dichroism for the
tion of the dichroism is due to diffraction effects, related atomic model &3.2%), this factor can be calculated to be
mainly to forward scattering. Compared to the case of 3 MLabout 0.5. Takingp.=3.5 ML as before, fot,,;=8 ML we
Fe, this angular variation is strongly damped in the 8 ML Fecan calculate the thickness of the magnetic laygy, to be
film, where the experiment reveals an almost vanishing deabout 2 ML. There is, however, a considerable uncertainty in
pendence of the asymmetry on the emission aaglgith a  that estimate because of the separation of atomic and diffrac-
value of about 1.6%Fig. 2(b)]. This cannot be attributed to tion contributions, possible differences in the magnetic mo-
structural disorder in the film, since the Fe4 photoemis- ments, and in @ multiplet splitting in the different films.
sion intensity[Fig. 2(a)] shows a clear maximum at normal It has been proposed that a magnetic ordering could be
direction. The portion of Fe photoelectrons which contributeinduced in the bottom Fe layer of Fe/Cof0Q1) due to
to the dichroism, i.e., which stem from ferromagnetically coupling to the Co at the Co/Fe interfae?! Because in 8
ordered Fe atoms, are thus not subject to forward scattering/L Fe the signal of the bottommost Fe layer contributes

Fe-2p, , intensity (arb. unit)
N

asymmetry (%)

3 ”
8 ML Fe/Co/Cu(100)

Qo = N W &~ O O
T T T T T

-10 -5 0 5 10 15

FIG. 2. (a) Intensity of the Fe-B3;, photoemission peak as a
function of the emission angle for 3 ML Fe (open circleg and 8
ML Fe (filled circles on 5 ML Co/CUy003). (b) Fe-2ps, peak-to-
peak asymmetry between poiftandB (cf. Fig. 1) as a function of
the emission angler for 3 ML Fe (open circley and 8 ML Fe
(filled circles on 5 ML Co/Cy001). The lines in(b) are guides to
the eye.
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only about 4% to the total Fe photoemission intensity, wefects in magnetic dichroism in photoemission provides a new
cannot exclude this possibility of ferromagnetism in the bot-tool to obtain structural and magnetic information simulta-
tom layer from the photoemission measurements. From comeously, on an element resolved basis. This method is shown
parison of our MOKE data of 0, 3, and 8 ML Fe films on to be particularly useful to study magnetism of thin films,
Co/Cu001), however, the total amount of ferromagnetic Fewhere the use of techniques which provide integral informa-
in the 8 ML film can be determined to be *8.3 ML  tjon are often not sufficient. We have employed this method
equivalent. Under the assumption that the Fe film is saturateg}, investigate fcc Fe films grown on 5 ML fcc Co/@01).

by the lower fields of the MOKE coil£1500 Oe) as itis Tnhe different angular behavior for 3 ML and 8 ML Fe films
by the field pulses applied during the photoemission meagyqws clearly that 3 ML are entirely magnetized, ferromag-
surements, there can be only a very small contribution to th‘ﬁetically aligned with the Co substrate, whereas in 8 ML

Fe ferromagnetism from the Fe/Co interface. What can Uthere is a ferromagnetic layer located at the surface with

equivocally be excluded is the possibility of a honmagnetic - : )
surface, and the possibility of a fully magnetized Fe ﬁlmnonferromagne'uc layers underneath. We find thus the mag

with a reduced magnetic moment. Both the absence of difpetlc phases of fcc Fe/Co/Q100) to be qualitatively identi-

fraction in magnetic dichroism in angle-resolved photoemis—Cal to the ones of Fe/GLOO.
sion, and the strength of the dichroism signal are only con-

sistent with the presence of ferromagnetic ordering at the We would like to thank B. Zada for her technical help.
surface, and no ferromagnetic ordering in deeper layers. This work was supported by the BMBF under Contract No.

In summary we have shown that studying diffraction ef-05621EFAO.
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